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Actin-Dependent Regulation of Neurotransmitter
Release at Central Synapses
presynaptic nerve terminals (Fifkova and Delay, 1982;
Gotow et al., 1991). Since most F-actin appears to oc-
cupy the internal space of presynaptic nerve terminals
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University of California, San Diego where it is found associated with synaptic vesicles, a
popular hypothesis has been that F-actin regulates syn-La Jolla, California 92093
aptic vesicle availability (Landis et al., 1988). As ex-
pected from this hypothesis, inhibiting actin polymeriza-
tion eliminates the reserve pool of vesicles at theSummary
Drosophila neuromuscular junction (Kuromi and Kido-
koro, 1998) and impairs vesicle mobilization in snakeDepolymerization of actin by latrunculin A transiently
promotes neurotransmitter release. The mean rate of motor terminals (Cole et al., 2000). When the readily
releasable pool of synaptic vesicles (RRP) is depleted,mEPSCs increases by a Ca21-independent process,
without a concomitant change in the mean amplitude. an actin-based motor, such as myosin, is thought to
actively recruit reserve vesicles to the plasma mem-The readily releasable vesicle pool size and the rate
of refilling of the readily releasable pool remain unal- brane along F-actin tracks (D’Andrea et al., 1994; Mo-
chida et al., 1994; Bi et al., 1997). Actin also negativelytered by latrunculin treatment. Evoked neurotransmit-
ter release also increases in a manner consistent with regulates vesicle fusion as demonstrated by experi-
ments in which depolymerization of cortical actin stimu-an increase in vesicle release probability. The ob-
served enhancement of neurotransmitter release is lates exocytosis in a variety of nonneuronal cell types
(Cheek and Burgoyne, 1987; Muallem et al., 1995; Vitalespecific to actin depolymerization mediated by latrun-
culin A and is not caused by cytochalasin D. Our find- et al., 1995). Interestingly, at developing frog neuromus-
cular junction, F-actin appears to impose a specific bar-ings indicate that actin participates in a regulatory
mechanism that restrains fusion of synaptic vesicles rier for recruiting vesicles to the active zone with no
effect on the actual exocytosis (Wang et al., 1996).at the active zone.
The role of F-actin dynamics in regulating synaptic
vesicle exocytosis at central synapses has not yet beenIntroduction
determined. Here, we identify an actin-sensitive compo-
nent of transmitter release machinery. F-actin depoly-Synaptic vesicle exocytosis, in comparison to constitu-
tive secretory processes, is under strict spatial and tem- merization by latrunculin A (LatA) rapidly increases exo-
cytosis by a mechanism independent of intracellularporal regulation (Zucker, 1996; Neher, 1998). The excep-
tional precision of neurotransmitter release occurring Ca21 in cultured hippocampal neurons. The size of the
RRP and the refilling rate of the RRP are unchangedfrom synaptic vesicle fusion derives from the active
zone, where the release-ready vesicles are juxtaposed following LatA treatment. Our observations are unex-
pected from the presumed requirement for F-actin into Ca21 channels (Robitaille et al., 1990; Cohen et al.,
1991). Once synaptic vesicles are recruited to the active regulating synaptic vesicle recruitment to the plasma
membrane. Our findings indicate that changes in actinzone by targeted vesicle “docking”, this step is followed
by a series of reactions referred to as “priming” that dynamics have direct consequence on the efficacy of
neurotransmitter release at the active zone.prepare the vesicles for fusion. Primed vesicles can then
rapidly fuse in response to localized Ca21 influx from
nearby Ca21 channels. While many components of syn- Results
aptic vesicles and the proteins with which they associate
have been identified, we still do not understand the Characterization of Actin in
molecular mechanisms that underlie docking and prim- the Presynaptic Terminal
ing at the active zone. A potential active participant of We first examined the distribution of actin in presynaptic
the presynaptic release machinery is the cell cytoskele- terminals of cultured hippocampal neurons. Actin was
ton, although it has been frequently overlooked as a visualized by the expression of a plasmid encoding se-
rigid element that contributes peripherally to release quences for enhanced green fluorescent protein (GFP)
mechanisms. Recent studies demonstrate that actin fused to the N terminus of b-actin DNA, or by labeling
dynamics play a major role in rapid morphological plas- with fluorescently tagged phalloidin after cell fixation.
ticity of dendritic spines on a time scale of seconds As expected, GFP-actin fluorescence largely coincided
(Fischer et al., 1998). Similarly, if actin-mediated dy- with rhodamine-phalloidin labeling (Figure 1A); however,
namic changes in the structural state of the active zone we noted that some GFP-actin fluorescence did not
occur on the presynaptic side, such changes might always colocalize with phalloidin and vice versa (Figure
modulate the efficacy of synaptic vesicle docking, prim- 1A, enlarged views). To specifically observe presynaptic
ing, and/or fusion. actin we focused on synaptically connected pairs of
F-actin is the major cytoskeletal element identified in hippocampal neurons in which one of the neurons ex-
pressed GFP-actin at highly detectable levels (Figure
1B). The axonal GFP-actin along a unique thin process* To whom correspondence should be addressed (e-mail: ygoda@
biomail.ucsd.edu). formed many puncta that colocalized with a presynaptic
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Figure 1. Characterization of Presynaptic
Actin
(A) Comparison of rhodamine-conjugated
phalloidin fluorescence (red) and GFP-actin
fluorescence (green) in the same neuron.
While general fluorescence signal distribution
is similar, an enlarged view of a neuronal pro-
cess (right panels) illustrates the differences.
For example, one of the prominent GFP-actin
puncta (arrow) contains very little phalloidin
label. Scale bars: 10 mm in the left panels, 2
mm in the right panels.
(B) Left panel illustrates a GFP-actin positive
neuron (green) contacting a GFP-actin nega-
tive neuron. Coumarin-phallodin labels actin
in both neurons (blue). Right panels display
an enlarged view of the boxed area illustrating
presynaptic terminals formed onto the cou-
marin-phalloidin-labeled postsynaptic pro-
cess. GFP-actin fluorescence colocalizes
with the presynaptic cytoskeletal matrix
marker, bassoon (red). Scale bars: 10 mm in
the left panel, 2 mm in the right panels.
(C and D) Triple labeling of pre- and postsyn-
aptic structures and actin. GFP-actin (green),
when present presynaptically (C), colocalizes
with bassoon (red) in presynaptic terminals
that are adjacent to postsynaptic terminals
immunolabeled for the AMPA receptor subunit
GluR1 (blue). When GFP-actin is expressed in
the postsynaptic cell (D), GFP-actin puncta
overlap with GluR1 in the postsynaptic termi-
nals and are adjacent to bassoon in presyn-
aptic terminals. Scale bars: 2 mm in the left
panels. Right panels display an enlarged view
(23) of the boxed area.
marker bassoon (tom Dieck et al., 1998; Figures 1B and neuron were examined, the GFP-actin puncta colocal-
ized with GluR1 and were juxtaposed to, rather than1C, enlarged views). Previous characterization has
shown that bassoon is tightly bound to membrane-asso- overlapping, with bassoon puncta (Figure 1D).
ciated cortical cytoskeleton and that bassoon immuno-
reactivity is found condensed at the synaptic junction Latrunculin A Enhances the Rate of mEPSC
A possible role of actin in regulating neurotransmitteradjacent to the active zone. Such tight labeling is in
contrast to synaptic vesicle markers that are present release was investigated in excitatory autapses of cul-
tured hippocampal neurons (Bekkers and Stevens,more diffusely throughout the presynaptic terminal (tom
Dieck et al., 1998). Similarly, we find that presynaptic 1991). We monitored the effects of LatA, a toxin isolated
from marine sponges that promotes actin depolymeriza-GFP-actin forms a more condensed punctum when com-
pared to SV2 labeling in the same cells (data not shown). tion by sequestering actin monomers (Spector et al.,
1999), on properties of spontaneous miniature excit-We confirmed the specificity of presynaptic GFP-actin
by labeling with antibodies against the postsynaptic atory postsynaptic currents (mEPSCs) representing fu-
sion of a single synaptic vesicle (Katz, 1969). Bath appli-AMPA receptor subunit GluR1 and bassoon. When pres-
ent, GluR1 immunoreactivity was always found adjacent cation of LatA (20 mM) rapidly increased the frequency
of mEPSC by z5 fold. The peak increase was reachedto the overlapping GFP-actin and bassoon fluorescence
(Figure 1C). While the dendritic actin visualized by phal- between 5 and 10 min after the start of LatA application
(Figures 2A and 2B). The stimulatory effect of LatA wasloidin labeling rarely colocalized with bassoon, it was
frequently found juxtaposed to bassoon, consistent with short lived, and the decline in mEPSC rate was not
caused by a general deterioration of responses trig-enrichment of actin in the postsynaptic terminal (Fifkova
and Delay, 1982; Matus et al., 1982). When synapses gered by the drug application since the mEPSC rate
returned to baseline levels and remained stable follow-formed between the dendrites of the GFP-actin express-
ing neuron and the axons of the GFP-actin negative ing washout of LatA. Subsequent reapplication of LatA
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Figure 2. Application of LatA Increases the
Miniature Excitatory Postsynaptic Current
(mEPSC) Frequency in Cultured Hippocam-
pal Neurons
(A) Top panel displays the number of mEPSC
per min as a function of time (a). LatA was
applied twice as indicated (bar). Middle
traces (b) are representative recordings dur-
ing control and 5 min into the first LatA appli-
cation from the above experiment. Cumula-
tive probability distribution of the mEPSC
sizes from the same experiment (c) are not
significantly different from the control period
during the first LatA application, washout,
and the second LatA application (Kolmo-
gorov-Smirnov test, p . 0.1).
(B) Summary of the LatA effects on mEPSC
frequency. Number of mEPSC per min was
normalized to the average value of the first
10 min of baseline recording (n 5 4; 11.1 6
2.5 mEPSC/min). The average peak increase
in mEPSC frequency in the presence of LatA
was 4.9 6 0.6-fold (ranged from 4.0 to 7.5-
fold) relative to the control period. The extent
of increase in mEPSC rate was independent
of the baseline mEPSC frequency, which
ranged from 4.9 to 26 mEPSC/min. The extra-
cellular recording solution contained 0.5 mM
TTX.
(C) Comparison of mean mEPSC amplitude
between control and after 5 min in LatA for
individual recordings (n 5 11). Linear regres-
sion of the experimental points yields a line
with a slope of 0.94 (r 5 0.966, p , 0.001),
indicating a lack of change in the mEPSC
amplitude. Dotted line with a slope of 1 is
shown for reference. The overall mean
mEPSC amplitude is not significantly differ-
ent between the control condition and after
5 min in LatA (21 6 3 pA and 23 6 3 pA,
respectively; two population t test, p . 0.2).
(D) The mean peak increase in mEPSC frequency during LatA perfusion relative to baseline mEPSC frequency is shown. Recordings were
carried out in extracellular solution containing control Ca21 (10 mM; n 5 8), low Ca21 (0.3 mM; n 5 3), or after 30 min incubation with EGTA-
AM (100 mM; n 5 4) or BAPTA-AM (30 mM; n 5 4). LatA-mediated increase in mEPSC rate was not significantly different in low external Ca21
or in the presence of Ca21 chelators relative to control Ca21 (Student’s t test, p . 0.1 for each condition).
produced a reproducible increase in the mEPSC rate in tent with an increased rate of spontaneous vesicle fusion
or a decrease in the number of postsynaptically silentsame cells (Figure 2A). Although a lower concentration
of LatA (5 mM) also increased the mEPSC frequency to synapses.
a similar extent, the effect was more reliably observed
at the higher concentration (data not shown). We thus LatA-Mediated Increase in the Rate of mEPSC
Is Independent of Ca21used 20 mM LatA for all subsequent experiments. La-
trunculin B (5 mM), a compound structurally related to Spontaneous transmitter release occurs in the absence
of extracellular Ca21 influx. Nevertheless, mEPSC rateLatA (Spector et al., 1999), also caused a similar increase
in mEPSC rate (data not shown). displays a weak Ca21 dependence (M. M. and Y. G., un-
published data). The LatA-mediated increase in mEPSCTo determine whether LatA alters the quantal size,
mEPSC amplitude distributions were compared in con- frequency, therefore, might be due to a slow rise in
intracellular Ca21 that is brought about by actin depo-trol and during the period of peak increase in mEPSC
rate induced by LatA. As shown in Figure 2A (graph c) lymerization. To test this, LatA was applied in reduced
extracellular Ca21 (0.3 mM)—a concentration that blocksand Figure 2C, the increase in mEPSC frequency did
not accompany a change in the size of mEPSC. Since evoked synaptic transmission—and we observed that
mEPSC frequency increased to a similar extent as inthe mEPSC detected under our experimental condition
is primarily mediated by AMPA receptors, our results control conditions (Figure 2D). LatA application follow-
ing a 15 min incubation in EGTA-AM (100 mM) or BAPTA-indicate that LatA treatment does not change the AMPA
receptor sensitivity and/or distribution within individual AM (30 mM) also caused a robust increase in the mEPSC
rate that was similar to control (Figure 2D). In addition,synapses when it elevates the frequency of spontaneous
events. The observed increase in mEPSC rate is consis- intracellular application of 30 mM BAPTA in autaptic
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it had no effect on mEPSC frequency on its own. Protec-
tion of LatA effects by jaspamide indicates that the LatA-
induced increase in mEPSC frequency was caused by
modulating F-actin dynamics and was not due to non-
specific effects of trace impurities.
We also tested whether cytochalasin D—an actin po-
lymerization inhibitor which acts by capping the barbed
(plus) end of actin—could stimulate the frequency of
spontaneous synaptic responses. As shown in Figure
3B, 20 mM cytochalasin D had no effect on the mEPSC
rate whereas subsequent application of LatA increased
mEPSC frequency in the same cells. Another actin depo-
lymerization agent, swinholide A, which sequesters actin
dimers and displays actin severing activity (Spector et
al., 1999), also had no effect on the mEPSC frequency
(data not shown). The increase in mEPSC rate, therefore,
is most sensitive to the latrunculin-family of actin depo-
lymerizing compounds.
LatA Does Not Increase the Size or the Rate of
Refilling of the Readily Releasable Vesicles
We next asked whether LatA increases the mEPSC rate
by increasing the size of the readily releasable vesicle
pool (RRP). Application of hypertonic solution, by a yet
unknown mechanism, triggers the Ca21-independent fu-
sion of synaptic vesicles by accessing the same pool
of vesicles that are released in response to action poten-
tials (Rosenmund and Stevens, 1996). The resulting
quanta released by hypertonic solution have been used
as a measure of the RRP size (Stevens and Tsujimoto,
1995). We monitored mEPSC induced by application of
external saline made hyperosmolar with 0.5 M sucrose,
before and during LatA treatment. Figure 4 illustrates
that the RRP size remained unchanged for the entire
duration when LatA was present. LatA, therefore, does
Figure 3. LatA Actions Are Specific to the Actin Cytoskeleton
not promote spontaneous vesicle fusion by increasing
Plots of normalized mEPSC frequency (number of mEPSC per min) the RRP size. Furthermore, the lack of change in RRPas a function of time before and during application of jaspamide
size excludes the possibility that LatA increases the(20 mM; [A]) or cytochalasin D (20 mM; [B]). LatA did not cause an
mEPSC rate by waking up silent synapses.increase in mEPSC frequency in the presence of jaspamide, an actin
stabilizer (n 5 4). Cytochalasin D, an actin depolymerizing agent, Previous observations at the neuromuscular junction
was unable to induce a change in the mEPSC frequency; however, suggested a role for actin filaments in sequestering the
subsequent application of LatA induced a 4.4 6 2.8-fold increase reserve pool of vesicles and/or regulating their delivery
in the mEPSC rate in the same cells (n 5 3).
to the plasma membrane for replenishing the RRP (Wang
et al., 1996; Kuromi and Kidokoro, 1998; Cole et al.,
2000). Although the size of RRP was not affected byneurons did not prevent the LatA-induced increase in
LatA treatment, enhanced rate of refilling of RRP couldthe mEPSC rate (data not shown). Augmentation of
at least partly account for the LatA-induced increase inspontaneous synaptic responses by LatA is thus inde-
mEPSC frequency. We thus compared the refilling ratependent of intracellular Ca21.
of RRP before and during LatA treatment by a pairwise
application of sucrose solution. We monitored the refill-Specificity of Actin Depolymerizing Agents
ing rate when the increase in mEPSC frequency wasfor Augmenting mEPSC Frequency
maximal (5–10 min after the start of LatA incubation;To confirm that the LatA-dependent increase in mEPSC
Figure 2). Surprisingly, LatA had no effect on the refillingrate was mediated by actin depolymerization, we tested
rate (Figure 4C). The recovery curves in both conditionswhether prior incubation with an actin stabilizer prevents
were well fitted by a single exponential with a time con-the observed effects. Pretreatment with jaspamide (20
stant of 3.2 s, consistent with the range of refilling timemM) —a naturally occurring membrane permeable cyclic
constants reported previously (Stevens and Wesseling,peptide (also known as jasplakinolide) that promotes
1998). Augmentation of the rate of mEPSC broughtthe formation and/or stabilization of actin filaments
about by LatA treatment, therefore, is independent of(Spector et al., 1999)—blocked LatA-induced increase
the mechanisms that recruit synaptic vesicles from thein mEPSC frequency (Figure 3A). Although in some cells
jaspamide destabilized electrophysiological recordings, reserve pool to the RRP.
Actin Regulation of Neurotransmitter Release
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LatA increased the amplitude of autaptic EPSC for a
brief period that was similar in time course to the ob-
served increase in the rate of spontaneous synaptic
responses (Figure 5A, bottom panel). LatA did not alter
the kinetics of EPSC (n 5 4; Figure 5C inset), a finding
that is consistent with a lack of change in the quantal
size examined earlier. The LatA-induced increase in
EPSC size was reversible and reproducible, as was
found for the mEPSC frequency (Figure 5A). Moreover,
prior incubation with jaspamide prevented the LatA-
dependent increase in EPSC size, indicating that LatA
effects on evoked release are also mediated by actin
(Figure 5B).
Although the LatA-mediated increase in the rate of
spontaneous synaptic events was Ca21-independent,
the evoked synaptic response which occurs by a Ca21-
dependent mechanism was also increased in parallel.
In order to directly compare the absolute increase in
evoked and spontaneous events, we measured the
LatA-dependent increase in charge transfer—which is
proportional to the quanta released (Stevens and Tsuji-
moto, 1995)—for EPSCs and mEPSCs in the same cells
(see Experimental Procedures). The charge difference
in EPSC before and during LatA incubation greatly ex-
ceeded the corresponding charge difference of sponta-
neous events by 13 6 4-fold (n 5 3; ranged from approxi-
mately 7- to 19-fold). Our observation is consistent with
a hypothesis that LatA promotes evoked synaptic trans-
mission by actively permitting a more efficient Ca21-
triggered exocytosis.
To examine the interaction between LatA-induced
augmentation of EPSC and the Ca21-triggered synaptic
vesicle fusion, we monitored the effects of LatA on
paired-pulse responses. Pairwise stimulation enhances
synaptic responses to the second pulse relative to the
first, and the increase is thought to result from facilitation
of Ca21-dependent release mechanisms from the Ca21
influx during the first stimulation (Mallart and Martin,
1968; Kamiya and Zucker, 1994). Manipulations that in-
Figure 4. RRP Size Remains Unaltered Following LatA Treatment crease Ca21-dependent release probability, therefore,
(A) Representative traces of responses evoked by a 4 s hypertonic generally occlude facilitation of paired-pulse responses
solution (extracellular solution with 0.5 M sucrose) in control (time by reducing the size of the second response relative to
09), 4 min (time 109), and 10 min (time 169) after perfusing LatA. the first response. Autaptic EPSCs in cultured hippo-
(B) Summary of the effects of LatA application on the RRP size (see campal neurons rarely exhibit paired-pulse facilitation,
Experimental Procedures). Hypertonic solution was applied every 2
but readily undergo paired-pulse depression (Mennerickmin in control (open symbols; n 5 6) or in the presence of LatA
and Zorumski, 1995). We thus asked whether the LatA-(closed symbols; n 5 10). The data points were normalized to the
dependent increase in EPSC accompanies a greateraverage of the first 3 responses from each experiment.
(C) Pairwise application of hypertonic solution was used to compare reduction in the amplitude ratio of the second EPSC to
the recovery rates of RRP in control (open circles; n 5 12) and after the first EPSC (paired-pulse ratio), a scenario that would
5 to 10 min in LatA (solid circles; n 5 6). RRP size of the second be consistent with an increase in release probability.
pulse relative to the first pulse is expressed as the percent recovery We monitored paired-pulse responses during baseline
of RRP at indicated interpulse intervals. Pairs of sucrose pulses were
and LatA application when maximal potentiation ofgiven every minute. The points have been fitted to an exponential
EPSC was observed. As predicted, the paired-pulse ra-recovery curve with a time constant of 3.2 s (solid line).
tio was decreased in the presence of LatA, most promi-
nently at short interpulse intervals (Figure 6). The reduc-
tion in paired-pulse ratio was observed in reduced
LatA Enhances Evoked Synaptic Transmission release probability condition (Figure 6B) as well as in
A lack of LatA effect on the mEPSC amplitude and the extracellular solution that favors maximal release proba-
RRP size is consistent with the hypothesis that LatA bility (Figure 6A). Note that LatA caused a more pro-
increases the mEPSC frequency by stimulating neuro- nounced reduction of paired-pulse ratio under a lower
transmitter release from the presynaptic terminal. To initial release probability condition relative to a high re-
further characterize how actin dynamics might regulate lease probability condition at interpulse intervals be-
synaptic properties, we investigated the effects of LatA tween 20 to 40 ms (see Figure 6 legend). Such an obser-
vation could be explained if LatA were able to cause aon evoked synaptic transmission. Application of 20 mM
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greater increase in release probability when the initial
release probability was farther away from the maximal
state. Our results are compatible with the possibility that
LatA promotes evoked neurotransmitter release by in-
creasing the likelihood of Ca21-triggered vesicle fusion.
LatA Effects Are Mediated by Modulation
of Presynaptic Actin Dynamics
Actin is highly abundant in the postsynaptic terminal. It
is thus possible that the presynaptic release process is
indirectly affected by LatA-dependent changes in actin
dynamics that are initiated postsynaptically (Fifkova and
Delay, 1982; Fifkova and Morales, 1992). To address the
contribution of postsynaptic actin to the LatA-mediated
augmentation of transmitter release, we carried out
whole cell recordings from synaptically connected pairs
of hippocampal neurons. Some of these neurons had
autapses in addition to the synaptic inputs from the
other cell (“heterosynapses”). We tested whether post-
synaptic application of phalloidin (100 mM)—a mem-
brane impermeable F-actin stabilizer—through the whole
cell patch electrode blocked the LatA effects at hetero-
synapses. We recorded dual component EPSC in Mg21-
free extracellular solution to monitor the amplitudes of
peak EPSC and the slow EPSC that represents the syn-
aptic NMDA receptor currents (Forsythe and Westbrook,
1988). LatA application alone caused z35% reduction
in the amplitude of NMDA receptor-mediated synaptic
currents, as reported previously (Figure 7A) (Rosenmund
and Westbrook, 1993; Sattler et al., 2000). Postsynaptic
perfusion of phalloidin, which by itself had negligible
effects on the peak EPSC amplitude, prevented the
LatA-dependent reduction of the NMDA receptor com-
ponent in the postsynaptic cell. Phalloidin thus effec-
tively reached the postsynaptic terminals. Under such
conditions, postsynaptic phalloidin was unable to block
the LatA-dependent increase in the peak heterosynaptic
EPSC size (Figure 7B). The mean increase in the peak
heterosynaptic EPSC amplitude was 21% 6 6% (n 5 4)
and was not significantly different from the mean LatA-
dependent increase in autaptic EPSC observed in 10
mM Ca21 and 0.5 mM Mg21 (Kolmogorov-Smirnov, p .
0.1). Note that the slow component of autaptic EPSC
measured in the presynaptic cell, which did not contain
Figure 5. LatA Increases the Size of the Evoked Postsynaptic Re- phalloidin, was depressed by LatA application. These
sponses findings are consistent with the hypothesis that LatA-
(A) EPSC size recorded from an autapse is shown as a function of mediated augmentation of transmitter release occurs
time. Addition of LatA (solid bars: 20 mM) caused a 16% increase in by directly modulating the presynaptic actin dynamics.
EPSC amplitude that was reversed upon washout of the drug. Subse-
quent reapplication of LatA increased the EPSC size by 15%. Bottom
Actin Depolymerization by LatA Inducespanel illustrates the mEPSC rate from the same cell. Both LatA applica-
tions caused z5-fold increase in the mEPSC rate. Morphological Changes in
(B) EPSC amplitude was monitored before and during bath application Presynaptic Terminals
of 20 mM jaspamide; subsequent application of 20 mM LatA in the Based on the electrophysiological evidence supporting
presence of jaspamide did not cause an increase in EPSC size (n 5
the presynaptic locus of LatA action, we investigated3). Jaspamide perfusion caused a slight but persistent reduction in
whether LatA treatment induced any morphologicalEPSC size (the overall extent of reduction after 10 min was 12.4% 6
changes in the presynaptic GFP-actin. Surprisingly, a 70.2% [n 5 5] from baseline levels, which ranged from 0% to 22%).
(C) Summary of the EPSC amplitude monitored before and during a min LatA treatment—that stimulated neurotransmitter
10 min application of LatA. LatA caused a transient increase in EPSC release maximally (above)—caused an elongation of
size; the peak increase was 25% 6 6% over the baseline values (n 5 presynaptic GFP-actin at many synapses, which was
4). The mean baseline EPSC size was 1.4 6 0.4 nA (ranged from 0.2
always accompanied by a corresponding elongation ofto 3.8 nA). Lower left inset shows autaptic EPSCs before and 5 min
the overlapping bassoon fluorescence (Figures 8A andafter LatA application. The traces have been rescaled to illustrate a
8B). At such synapses, the postsynaptic GluR1 immuno-lack of change in the time course of synaptic responses in LatA (dotted
line) compared to control (solid line). reactivity remained associated with the longer presyn-
Actin Regulation of Neurotransmitter Release
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for control and LatA). The overall cell morphology was
not altered by a 7 min LatA incubation (data not shown).
These observations are consistent with previous find-
ings that reported no major morphological changes in
hippocampal neurons even after a prolonged incubation
in LatA (Allison et al., 1998; Fischer et al., 1998).
Discussion
Presynaptic Actin Negatively Regulates
Neurotransmitter Release
We describe here a novel form of actin-dependent regu-
lation of neurotransmitter release at central synapses.
Bath application of LatA—an actin depolymerizing
agent—reliably augments the mEPSC frequency, inde-
pendently of Ca21 and mechanisms regulating the size
and rate of refilling of the RRP. LatA also increases the
EPSC size in a manner consistent with an increase in
release probability. A recent report has shown that bath
application of low concentrations of actin depolymeriz-
ing drugs to hippocampal slices impairs the stability
of long-term synaptic plasticity without any effects on
baseline synaptic transmission (Krucker et al., 2000).
Another study, however, has reported that actin depo-
lymerization induced by higher concentrations of latrun-
culin B or cytochalasin D generates wide-ranging de-
fects in baseline synaptic transmission involving both
pre- and postsynaptic changes, in addition to their inhib-
itory effects on long-term synaptic plasticity (Kim and
Lisman, 1999). In these studies, the effects of actin poly-
merization inhibitors are examined after a prolonged
application, following tens of minutes. We circumvent
the potential multiple effects of relatively high concen-
trations of the actin inhibitors by focusing on short-term
consequences of drug application. Our observations in-
dicate that LatA-mediated facilitation of neurotransmit-
ter release is caused by directly interfering with presyn-Figure 6. Paired-Pulse Response Is Decreased in the Presence of
aptic actin dynamics. LatA-treatment did not changeLatA
the mEPSC amplitude or the RRP size. Moreover, post-EPSC amplitudes to pairs of stimuli were monitored in control (open
circles) and between 5–10 min after application of LatA (closed synaptic application of the membrane impermeable ac-
circles). Paired pulse ratio is the ratio of the second response to tin stabilizer phalloidin did not block LatA effects,
the first response, and is shown as a function of interpulse interval whereas bath application of jaspamide, a membrane
in extracellular solution containing 10 mM Ca21 and 0.5 mM Mg21 permeable actin stabilizer, prevented LatA-induced fa-
([A]: n 5 19 cells, control; n 5 5 cells, LatA) and in 3 mM Ca21 and
cilitation of transmitter release. Although unlikely, we5 mM Mg21 ([B]: n 5 4 cells, control; n 5 4 cells, LatA). Bath perfusion
cannot rule out the possibility that a pool of postsynapticof LatA further decreased the paired-pulse ratio in both experimental
conditions. The reduction in paired pulse ratio between 20–40 ms actin that is insensitive to phalloidin is targeted by LatA
interpulse intervals was more pronounced in 3 Ca21/ 5 Mg21 solution to produce the presynaptic effects. Nevertheless, post-
(ANOVA: 10 ms, p 5 0.29; 20 ms, p 5 0.003; 40 ms, p 5 0.02) synaptic phalloidin application blocks LatA-induced
compared to 10 Ca21/ 0.5 Mg21 solution (ANOVA: 10 ms, p 5 0.08, reduction in synaptic NMDA receptor currents. Further-
20 ms, p 5 0.11; 40 ms, p 5 0.50).
more, presynaptic actin undergoes a visible morpho-
logical change in the presence of LatA. These results
thus support our proposal that LatA exerts its effects
on transmitter release machinery by directly modulatingaptic regions. Note that LatA-induced changes in GluR1
actin dynamics at the presynaptic terminal.morphology were not accompanied by a change in the
size of mEPSC. Figure 8C shows a cumulative histogram
of the shape index of the presynaptic cytoskeletal matrix Actin Localization at the Presynaptic Terminal
By making use of synapses formed between neurons(the ratio of the major axis length over the minor axis
length of the ellipsoid fit of bassoon immunofluores- transfected with GFP-actin and neurons that do not ap-
parently express GFP-actin, we visualize actin at thecence; see Experimental Procedures) in control and
LatA-treated neurons. LatA treatment caused a signifi- presynaptic terminal. Remarkably, presynaptic GFP-
actin fluorescence coincides precisely with the bassooncant elongation of the shape of bassoon immunofluores-
cence, as demonstrated by an increase in the shape immunoreactivity, and is juxtaposed to the postsynaptic
GluR1 puncta (Figures 1 and 8). We find that the presyn-index (Kolmogorov-Smirnov, p , 0.001, n 5 840 each
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aptic actin pool, which overlaps with bassoon, does not
label with rhodamine-phalloidin. This apparent differ-
ence in actin localization could reflect the fact that pre-
synaptic GFP-actin is primarily in monomeric form or
that presynaptic actin is enriched for actin interacting
proteins that prevent phalloidin binding. For example,
phalloidin cannot bind to F-actin once a conformational
change is induced by ADF/cofilin (McGough et al., 1997).
Our finding that presynaptic actin is visibly enriched at
the presynaptic cytoskeletal matrix directly overlying the
active zone is compatible with previous ultrastructural
studies reporting actin-like filaments at the presynaptic
terminal (Fifkova and Delay, 1982; Ichimura and Hashi-
moto, 1988; Landis et al., 1988; Hirokawa et al., 1989;
Gotow et al., 1991). A visible, morphological elongation
of presynaptic-actin and bassoon was observed at
many synapses following LatA incubation. Actin depo-
lymerization is thus capable of inducing a change in
the organization of the presynaptic cytoskeletal matrix,
which is directly adjacent to the active zone, at a time
when LatA increases neurotransmitter release. Our
study thus raises an interesting possibility that the ef-
fects of LatA on transmitter release we observe might
occur by modulating actin directly at the active zone
where release-ready synaptic vesicles are docked. The
precise relationship between the electrophysiological
effects of LatA and the elongation of the presynaptic
cytoskeletal matrix remains to be established.
The increased transmitter release we observe is spe-
cifically induced by the latrunculin family of actin depo-
lymerizing drugs but not by other reagents such as cyto-
chalasin D and swinholide A. A pool of F-actin that is
resistant to cytochalasin D but is depolymerized effi-
ciently by LatA has also been reported in the dendritic
spines of cultured hippocampal neurons (Allison et al.,
1998). Latrunculins affect actin polymerization by form-
ing a nonpolymerizable 1:1 molar complex between la-
trunculin and G-actin (Spector et al., 1999). Cytochala-Figure 7. Postsynaptic Application of Phalloidin Does Not Prevent
LatA Effects on Synaptic Transmission sins, on the other hand, compete with endogenous
(A) The amplitudes of NMDA receptor-mediated synaptic currents, barbed-end capping proteins and interfere with the dy-
recorded in an extracellular solution containing 3 mM Ca21, 0.1 mM namic equilibrium that exists between actin filaments
Mg21, and 10 mM CNQX are plotted against time. LatA caused a and the pool of monomeric actin. The unique biochemi-
stable reduction in the NMDA component of EPSC by 35% 6 1% cal and cellular action of different actin depolymerizing
relative to the baseline (n 5 4, range from 12% to 42%).
agents, even within a structurally related chemical class,(B) An example of a dual recording from a synaptically connected
has been well documented (Spector et al., 1999). Actincell pair. Perforated patch was used for the presynaptic neuron to
prevent the washout of responses. The presynaptic cell displayed that is preferentially targeted by LatA is likely to be short
autaptic responses. The postsynaptic cell, in whole-cell patch con- filaments which are undergoing fast turnover, as such
figuration, was loaded with an internal solution containing 100 mM filaments are most readily affected by sequesteration
phalloidin; 1 mM QX314, a sodium channel blocker, was also added of actin monomers. Our findings thus illustrate the pres-
to prevent spontaneous spiking. Recordings were carried out in
ence of distinct pools of actin in the presynaptic termi-Mg21-free extracellular solution containing 3 mM Ca21 to monitor
nal, with differential sensitivity toward various actin in-dual-component EPSC. The peak EPSC amplitude, which is primar-
ily contributed by the activation of AMPA receptors (closed circles, hibitors.
heterosynapses) and the EPSC size 100 ms after the presynaptic
stimulus, reflecting the NMDA receptor currents (open circles, hetero- A Model for Actin-Dependent Modulation
synapses; open squares, autapses) are plotted as a function of time. of Synaptic Vesicle Exocytosis
After 20 min in the whole-cell mode to allow diffusion of phalloidin,
Based on our findings, we propose that a structuralbath application of LatA increased the amplitudes of both the peak
component(s) of the active zone restrains the release-EPSC (15%) and the slow EPSC (30%). The slow autaptic EPSC
was not protected by phalloidin, and was reduced by 15%. This
particular cell had a small peak autaptic EPSC component to which
the slow EPSC contributed significantly, and thus only the slow
EPSC size was quantified. The increase in the slow heterosynaptic loidin on LatA-dependent increase in peak heterosynaptic EPSC
EPSC indicates that phalloidin has reached the postsynaptic termi- size suggests that LatA effects are mediated by changes in presyn-
nal to protect the NMDA receptors from the LatA-dependent reduc- aptic actin. Similar results were obtained in recordings from four
tion shown in panel A. The lack of effect of postsynaptic phal- different cell pairs.
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Figure 8. Actin Depolymerization by Latrun-
culin A Induces a Morphological Change in
the Presynaptic Terminals
(A and B) Triple labeling of synapses for the
presynaptic cytoskeletal matrix marker bas-
soon (red), the postsynaptic marker GluR1
(blue), and GFP-actin (green). The cytoskele-
tal matrix and GFP-actin appear elongated
after 7 min in 20 mM LatA (compare to Figure
1C). GluR1 staining remains associated with
the presynaptic markers lengthwise. Scale
bar: 2 mm.
(C) Comparison of the morphology of bas-
soon fluorescence from either control or
LatA-treated cultures. Bassoon shape was
quantified by measuring the major and minor
axis of the ellipsoid fit of individual bassoon
puncta (see Experimental Procedures); the
shape index is the ratio of the major axis
length to the minor axis length. LatA treat-
ment caused a significant increase in the
shape index of bassoon puncta, indicating
elongation (Kolmogorov-Smirnov, p , 0.001,
n 5 840 for both control and LatA groups).
The median lengths for the major and minor
axis were 0.33 mm and 0.24 mm in control,
and 0.39 mm and 0.27 mm in LatA.
ready synaptic vesicles from undergoing exocytosis. ate to the late stage of priming, the barrier is overcome,
and actin, whether directly or indirectly, no longer hin-The structural component could be a LatA-sensitive ac-
tin pool that is present at the active zone, or it could be ders synaptic vesicle fusion. While some vesicles at the
late priming stage spontaneously fuse, others await theactive zone proteins that link to the LatA-sensitive actin
of the cytoskeletal matrix. Which population of release- Ca21 trigger in response to an action potential. The LatA
treatment shifts the population of vesicles in the interme-ready synaptic vesicles is subject to the actin-depen-
dent modulation? Our model is derived from three key diate priming stage to the late priming stage. This in-
crease in the number of vesicles in the late priming stageobservations. First, the size and the rate of refilling of
the RRP as assayed by application of hypertonic saline elevates the basal rate of spontaneous vesicle fusion
and the probability of evoked synaptic vesicle fusion.remain unchanged by LatA. Second, although LatA-
induced stimulation of spontaneous neurotransmitter The transient nature of LatA effects is explained by
depletion of vesicles in the intermediate and late stagesrelease is Ca21-independent, LatA also enhances
evoked release in a manner consistent with an increase as the transition from early to intermediate stage be-
comes rate limiting.in Ca21-dependent release probability. Third, the stimu-
latory effect of LatA on spontaneous and evoked In our model, the structural component of the active
zone is not simply posing a physical barrier that preventsneurotransmitter release is transient. In our model we
classify docked vesicles undergoing priming into three synaptic vesicles from associating with the plasma
membrane release site, as previously suggested for cor-sequential stages—early, intermediate, and late—and
the late priming stage is a requisite step for synaptic tical actin in chromaffin cells (see for example, Linstedt
and Kelly, 1987). We propose that a structural compo-vesicle fusion. A structural component, either actin or
protein(s) linked to actin, restricts the transition from the nent—either actin itself or proteins that link to the actin
cytoskeleton—is an integral component of the fusionintermediate to the late phase of priming. Hypertonic
solution bypasses the normal requirement for sequential machinery at the release site. A number of actin inter-
acting proteins are enriched in the presynaptic terminal.priming, and induces fusion of vesicles at the early prim-
ing stage. RRP size as assayed by hypertonic saline, These include, for example, profilin (Faivre-Sarrailh et
al., 1993) and the members of the Rho family of smalltherefore, is not altered by LatA treatment. Moreover,
refilling rate of RRP is also not influenced by LatA under GTPases (Doussau et al., 2000). Presynaptic PDZ do-
main–containing proteins found associated with the ac-these conditions. When transitioning from the intermedi-
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anti-GluR1 antibody (Chemicon International, Temecula, CA), cov-tive zone or the cytoskeletal matrix such as piccolo
erslips were incubated in the antibody solution for 1 hr, and washed(Fenster et al., 2000), RIM (Wang et al., 1997), and neu-
3 times for 10 min in block. Subsequently, samples were incubatedrexins (Missler et al., 1998) are also possible candidates
for 30 min in anti-mouse Cy3 conjugated secondary antibody (Amer-
for mediating the actin-sensitive regulation of exo- sham Life Science) and anti-rabbit AMCA (7-Amino-4-methylcouma-
cytosis. Since actin is highly ubiquitous, future charac- rin-3-acetic acid) conjugated secondary antibody (Jackson Immu-
noresearch), each diluted 1:300 in block, washed 3 times for 10terization of the interaction between synaptic vesicle
min in PBS, and mounted in PBS/glycerol (1:1, with p-phenelyenefusion components and presynaptic proteins that link
diamine to reduce fading). For phalloidin labeling, rhodamine-phal-to or regulate the actin cytoskeletal matrix will help clar-
loidin or coumarin-phallodin (both from Molecular Probes) dilutedify the underlying mechanisms of actin-dependent regu-
at 1:500 was included in the secondary antibody solution. All proce-
lation of neurotransmitter release. dures were performed at room temperature. Fluorescence signal
was visualized on an Olympus BX50WI microscope with a 1003,
Experimental Procedures 1.35 NA objective, and images were captured with a Princeton In-
struments RS-cooled CCD camera. GFP-Actin (green), Cy3 (red),
Hippocampal Cultures and AMCA or coumarin (blue) channels were digitally colored and
Primary cultures of hippocampal neurons were prepared from post- combined using Metamorph image analysis software (Universal Im-
natal rat pups and/or mice embryos as described previously with aging Corp.).
minor modifications (Bekkers and Stevens, 1991). In brief, 1.2 cm LatA-induced morphological change in the presynaptic actin cy-
diameter glass coverslips were sprayed with a substrate solution toskeletal matrix was quantified by digitally capturing the bassoon
containing rat tail collagen (1.8 mg/ml) and poly-D-lysine (1.0 mg/ immunofluorescence image from control and LatA treated cultures.
ml). Glial feeder layer was prepared by plating glial cells at 3500 As demonstrated in Figures 1 and 8, bassoon signal colocalizes
cells/cm2; 4 mM cytosine b-D-arabinofuranoside was added to the with presynaptic GFP-actin in control and LatA. The stronger fluo-
culture medium after 3–4 days to prevent their overgrowth. Hippo- rescence signal of bassoon immunoreactivity compared to the GFP-
campal neurons from E15–E17 mice or P0 rats were plated at 7000 actin signal facilitated the morphological analysis. An equal thresh-
to 8800 cells/cm2 onto the glial monolayer. Culture medium con- old was set on the images to provide an outline of the ellipsoid fit
sisted of 1mM BME supplemented with sodium pyruvate, 10 mM of the bassoon immunofluorescence puncta using the Metamorph
HEPES-NaOH, 0.3% glucose, 50 mg/ml penicillin, 50 units/ml strep- software. The shape index was computed as the ratio of the lengths
tomycin, and 10% fetal bovine serum. Neuronal cultures were used of the major and minor axis for each ellipse. An increase in the
10–18 days after plating. No differences in the synaptic properties shape index would thus correspond to elongation of the presynaptic
were observed between mouse and rat hippocampal neurons; thus, cytoskeletal matrix.
experiments using rat and mouse cultures were pooled for data
analysis.
Immunocytochemistry and transfection experiments were per- Electrophysiology
Experiments were performed using recurrent excitatory synapsesformed on neurons grown in serum-free Neurobasal medium supple-
mented with B27 (Life Technologies; 4%), 2-mercaptoethanol (25 in single cells (autapses) unless otherwise noted. The recording
chamber was continuously perfused with a solution containing 137mM), glutamine (0.5 mM), and antibiotics. At days 4, 7, and 14,
100 ml of the medium was replaced by the same culture medium mM NaCl, 5mM KCl, 10 mM CaCl2, 0.5 MgCl2, 10 mM D-Glucose, 5
mM HEPES-NaOH (pH 7.3), and 0.001 mM Glycine at 310 mOsm.conditioned for 24 hr in a pure astrocyte culture. Neurobasal/B27
allows the growth of a nearly pure neuronal population with minimal 0.1 mM picrotoxin was added to block GABAA receptors. Concentra-
tions of external Ca21 and Mg21 were changed as indicated. Wholeglial cells that are highly suited for visualization of fine neuronal
morphology (Lerma et al., 1998). The stimulatory effects of LatA on cell patch-clamp recordings were performed with electrodes filled
with 136.5 mM K gluconate, 17.5 mM KCl, 9 mM NaCl, 1 mM MgCl2,synaptic transmission were the same in neurons grown under this
condition (data not shown). 10 mM HEPES-KOH (pH 7.2), and 0.2 mM EGTA adjusted to 290
mOsm. Routinely, an ATP regenerating mix (2 mM ATP, 10 mM
phosphocreatine, 0.5 mM GTP, 2 mM MgCl2, and 25 U/ml creatineTransfection of Hippocampal Neurons
DNA coding for the GFP fused to the N terminus of chick b-actin phosphokinase) was added to the internal solution. The electrode
resistance was 2–5 MV. Series resistance was always below 30 MV,gene (kindly provided by J. Cooper and D. Schafer, Washington
University, St. Louis, MO), was inserted into a eukaryotic expression and compensated at 50%–60%. Recordings were performed with
an Axopatch 200 (Axon Instruments, USA). Signals were filtered atvector plasmid (pSI) containing the platelet-derived growth factor
enhancer/promoter region. In order to maximize transfection effi- 2 kHz, digitized at 5 kHz, recorded, and analyzed with a customized
program written in VisualBASIC by Don Hagler. Autaptic EPSC wasciency, an electroporation protocol for primary hippocampal neu-
rons was established. Following dissociation of hippocampal tissue, elicited by a depolarizing voltage step (70 mV, 2 ms) from a holding
potential of 270 mV. In some experiments, spontaneous EPSCs0.5 ml of cell suspension (z5 3 105 cells) was transferred to a 0.4
cm electroporation cuvette. Forty micrograms of Qiagen-prepared were also acquired by recording 2 s traces; only the last second
was used for analyzing spontaneous events. Autaptic cells rarelyplasmid DNA was added to the cells, and the electroporation was
carried out at room temperature using a BioRad Gene Pulser 2 set generate spontaneous action potentials when held under a voltage
clamp at 270 mV; thus, a majority of spontaneous EPSCs areat 975 mF, ¥ resistance, and 250 volts. Following the pulse, cells
were immediately counted for survival and diluted in culture medium mEPSCs. EPSC charge was determined for a 200 ms time window
from the rise of the EPSC; mEPSC charge was determined for a 200to the required plating density. Transfection efficiency primarily cor-
related with the amount of DNA added, and ranged from 20%–80%. ms period, one second after the EPSC. All the data are expressed
as mean 6 SEM. Error bars represent 6 SEM. Plots of mEPSCThe protein expression was maintained for at least four weeks in
culture (data not shown). frequency versus time were binned to a 1 min interval.
The perforated patch-clamp technique (Horn and Marty, 1988)
was used to obtain stable recordings for prolonged duration. The tip ofImmunocytochemistry
Immunocytochemical analysis was performed on 14-day old hippo- low series resistance pipettes (2–3 mV) was filled with the standard
internal recording solution and then back-filled with the same solu-campal cultures. Following 7 min of LatA treatment in external re-
cording solution, cultures were rinsed in phosphate buffered saline tion containing 200 mg/ml of amphotericin B (Calbiochem).
The size and the refilling rate of RRP was estimated as described(PBS) and fixed for 1 hr in 4% paraformaldeyhde and 15% picric
acid in PBS (pH 8.5). Coverslips were then rinsed 3 times in PBS by Stevens and Tsujimoto (1995). In brief, a 4 s hypertonic solution
pulse (extracellular solution with 0.5 M sucrose) was delivered byand incubated for 1 hr in blocking solution (“block”, 2% bovine
serum albumin, 0.2% Triton X-100, and 2% goat serum in PBS). a picospritzer over a dendritic area of neurons. RRP size was esti-
mated by the integral of current flow caused by hypertonic solution,Mouse monoclonal anti-bassoon antibody (StressGen, BC, Canada)
was diluted 1:100 in block, along with a 1:100 dilution of polyclonal from which the amount of steady-state refilling that occurred during
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the last second of the application was subtracted. 0.5 mM TTX was Fischer, M., Kaech, S., Knutti, D., and Matus, A. (1998). Rapid actin-
based plasticity in dendritic spines. Neuron 20, 847–854.added to the recording solution in order to avoid sodium spikes
induced by the hypertonic pulse depolarization. Forsythe, I.D., and Westbrook, G.L. (1988). Slow excitatory postsyn-
All drugs were bath applied except when noted. A complete ex- aptic currents mediated by N-methyl-D-aspartate receptors on cul-
change in the recording chamber took 1.5–2 min at the perfusion tured mouse central neurones. J. Physiol. 396, 515–533.
rate used. LatA was diluted from a stock solution (40 mM) prepared
Gotow, T., Miyaguchi, K., and Hashimoto, P.H. (1991). Cytoplasmic
in DMSO and used at 20 mM. Latrunculin B was purchased from
architecture of the axon terminal: filamentous strands specifically
Molecular Probes (OR). Swinholide A and LatA were a generous gift
associated with synaptic vesicles. Neuroscience 40, 587–598.
from Dr. John Faulkner (Scripps Institute for Oceanography, La Jolla,
Hirokawa, N., Sobue, K., Kanda, K., Harada, A., and Yorifuji, H.CA). Jaspamide was kindly provided by Dr. Tadeusz Molinski (Uni-
(1989). The cytoskeletal architecture of the presynaptic terminal andversity of California, Davis, CA).
molecular structure of synapsin I. J. Cell Biol. 108, 111–126.
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